C-type lectin-like domains are found in many proteins, where they mediate binding to a wide diversity of compounds, including carbohydrates, lipids, and proteins. The binding of a C-type lectin-like domain to a ligand is often influenced by calcium. Recently, we have identified a site in the C-type lectin-like domain of tetranectin, involving K148, E150, and D165, which mediates calcium-sensitive binding to plasminogen kringle 4.
Introduction
Tetranectin (TN) 1 is a homo-trimeric (1) plasminogen (Plg) and calcium-binding plasma protein (2) . TN is also found in cartilage (3) and is present in the extracellular matrix during development and regeneration of muscle (4) . Furthermore, TN and Plg are colocalised at the invasive front of cutaneous melanoma lesions (5) , and TN is found in the stromas of other carcinomas, whereas little or no TN is found in the corresponding normal tissues (6) (7) (8) . The plasma TN level is reduced in cancer patients (9) , and TN has been shown to be a useful prognostic marker in the diagnosis of certain types of cancer (10) .
The C-terminal region of TN (amino acid residues 53-181) exhibits sequence and structural similarity with the C-type lectin-like domains (CTLDs), including the two conserved binding sites for calcium ions (11, 12) . Trimerisation of TN is mediated by a coiled coil element, spanning at least amino acid residues 26 to 52 and adjoined to the Nterminus of the CTLD domain (13) . TN binds complex sulphated carbohydrates (14) .
These interactions are not mediated by the CTLD, but by lysine residues located in the Nterminal part of TN, comprising residues 1-25 (15).
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Angiostatin, a fragment of Plg comprising kringles 1 to 4, has been shown both in vivo and in vitro to be an endothelial cell specific inhibitor of angiogenesis (18) . A fragment of angiostatin containing kringles 1 to 3 has been shown to be more potent than fulllength angiostatin in inhibition of basic fibroblast growth factor stimulated endothelial cell proliferation both in vivo and in vitro. Isolated kringle 1, 2, or 3 also exhibited an effect, while kringle 4 showed no effect (19, 20) . In contrast, kringle 4 was almost as potent an inhibitor of endothelial cell migration as angiostatin, while kringle 1 and a fragment containing kringle 1 to 3 showed a substantially lower activity. Kringle 2 and kringle 3 and a fragment containing both kringle 2 and 3 had intermediate effects on cell migration (21) . Also, kringle 5 of Plg has been shown to exert an inhibitory effect on neovascularisation (22) . The molecular basis for the biological properties of angiostatin action remains unresolved.
Kringle domains consist of approximately 80 amino acid residues and three conserved intra-domain disulphide bridges. Many kringle domains bind small dipolar molecules through the so-called lysine-binding pocket, a surface-exposed hydrophobic cleft with positively and negatively charged amino acid residues located at each end. Many kringle domains are involved in protein-protein interactions, and several of these interactions are sensitive to lysine analogues. TN binds to Plg K4, and binding is sensitive to both lysine and calcium (2, 23) . TN binding involves at least one amino acid residue, R32, outside the lysine-binding pocket of Plg K4 (24) . The binding of TN to Plg K4 is mediated by the CTLD of TN, and each TN trimer has three binding sites, one on each protomer (23) . We have identified the residues K148, E150, and D165 to be of primary importance for this interaction (23) . All three residues are located in the loop region of TN, which also mediates calcium binding.
The residues E150 and D165 are directly involved in co-ordinating calcium (12) . It is by guest on September 14, 2017 http://www.jbc.org/ Downloaded from 5 possible to modulate the calcium sensitivity of the Plg K4-TN interaction by substituting calcium co-ordinating amino acid residues of TN, not directly involved in binding Plg K4 (23) . CTLDs, with essentially identical folds, are involved in binding a wide diversity of ligands mediated by this loop region (25) . In addition to carbohydrates, binding has been shown to lipids (26) , ice (27) , and proteins. Besides TN, examples of CTLDs involved in protein binding are natural killer cell receptor Ly49 A (28), the lecticans (29, 30) , and lymphocyte low-affinity Fc ε receptor (31) . The structure of a fragment of natural killer cell receptor Ly49 A in complex with the major histocompatibility complex class 1 molecule H-2D d has recently been reported (32) . Two hydrophilic binding sites for the ligand were identified in the Ly49 A CTLD loop region.
In this study we report on the effect of conservative mutations in the Plg K4 binding site of TN. No hydrophobic or aromatic amino acid side chain of rTN, which would be assumed to interact with the hydrophobic cleft of the lysine-binding pocket of rPlg K4, has been identified as being of major importance for binding of rTN to rPlg K4. We therefore elected to study the effect of substituting the TN residue T149, located between the binding site residues K148 and E150, with Phe or Tyr. Notably, the rTN T149Y derivative, found to bind rPlg K4 with substantial increased affinity, also exhibited a novel affinity for Plg K2. 
Experimental procedures

Construction of expressions plasmids and site directed mutagenesis.
PCR reactions were conducted on cDNA encoding human plasminogen (a gift from Dr.
T. E. Petersen, University of Aarhus). PCR reaction products were cleaved using BamHI and HindIII and subcloned into the vector pT7H6UB (33) . To construct the plasmid encoding Plg kringle 1, the following primers were used, 5´CGT CCT GGA TCC ATC GAG GGT AGG TCA GAG TGC AAG ACT GGG AAT GG3´ and 5´CGA CCG AAG CTT ATT CAC ACT CAA GAA TGT CGC3´. The expression vector encodes a fusion protein containing a hexa-His sequence, human ubiquitin, an FX a cleavage site followed by human Plg kringle 1, corresponding to amino acid residues S82 to E163 of human Plg.
To construct the plasmid encoding Plg kringle 2 C169S the following primers were used, 5´GGT GGA TCC ATC GAG GGT AGG GGC GAG GAA TGT ATG CAT TCC AGT GGA GAA AAC3´ and 5´TTC AAG CTT GCA TGC TTA TGT TGT GCA GCG GGG GAT GTC3´. The expression vector encodes a fusion protein containing a hexa-His sequence, human ubiquitin, an FX a cleavage site followed by a Gly and then human Plg kringle 2 corresponding to amino acid residues E164 to T245 of human Plg with the mutation C169S. To construct the plasmid encoding Plg kringle 3, the following primers were used, 5´GGT GGA TCC ATC GAG GGT AGG ACC TAC CAG TGT CTG AGG GGA AC3´ and 5´TTC AAG CTT GCA TGC TTA GGA GTC ACA GGA CGG TAT CTT AC3´. The expression vector encodes a fusion protein containing a hexa-His sequence, human ubiquitin, an FX a cleavage site followed by human Plg kringle 3 corresponding to amino acid residues T253 to S335 of human Plg. The mutation C299S
was introduced by site directed mutagenesis as previously described (24) . To construct the plasmid encoding Plg kringle 2-3, the following primers were used, 5´GGT GGA TCC ATC GAG GGT AG GGC GAG GAA TGT ATG CAT TGC AGT3´ and 5´TTC
AAG CTT GCA TGC TTA GGA GTC ACA GGA CGG TAT CTT AC3´. The expression vector encodes a fusion protein containing a hexa-His sequence, human 7 ubiquitin, an FX a cleavage site followed by a Gly and then human Plg kringle 2-3 corresponding to amino acid residues E164 to S335 of human Plg. The rPlg K4 and the rTN expression vector have previously been described (1, 24) . Single residue mutation in the rTN expression vector was carried out as described (23) .
Protein expression and purification
Expression and in vitro refolding of plasminogen derivatives were performed as described for rPlg K4 (24) . rPlg K1 was purified as described for rPlg K4 (24) . rPlg K2
C169S was purified as rPlg K4, with the modification that the buffers used for affinity chromatography on lysine-Sepharose contained 25 mM Tris-HCl pH 8.0. The derivatives H6Ubi-Plg K3 C299S and H6Ubi-Plg K2-3 were not subjected to FX a cleavage, to avoid problems caused by a previously described internal cleavage site for FX a in Plg kringle 3 (34) . H6Ubi-Plg K3 C299S and H6Ubi-Plg K2-3 were purified by ion-exchange chromatography on SP-Sepharose (Pharmacia) in 25 mM sodium acetate pH 5.0 buffer gradient ranging from 10 to 500 mM NaCl.
Expression and purification of rTN derivatives were performed as described previously for rTN (15).
Purification of Plasminogen, mini-Plasminogen and plasminogen kringle 1-3
Plg was purified from pooled outdated blood bank plasma and fragmented by digestion with elastase (35) . Affinity chromatography on lysine-Sepharose yielded mini-Plg in the flow-trough, while fragments corresponding to kringle 4, kringle 1-3, and Lys-and GluPlg were eluted with 6-AHA. Mini-Plg was further purified on SP-Sepharose in 25 mM sodium acetate pH 5.0 buffer gradient ranging from 10 to 1000 mM NaCl. Plg kringle 1-3
was purified from the mixture of fragments eluted from the lysine-Sepharose with 6-aminohexanoic acid (6-AHA) by ion-exchange chromatography on SP-Sepharose in 25 8 mM sodium acetate pH 5.0 buffer using a gradient ranging from 10 to 1000 mM NaCl.
Purified mini-Plg and kringle 1-3 were identified by N-terminal sequencing.
Isothermal Titration Calorimetry Binding Analysis
Titrations binding experiments and data analysis were performed as previously described (23) . 
Results
Protein expression and refolding
SPR analysis of the binding to rPlg K4 and Plg
Because rTN, and all the derivatives of it used in this study, are trimeric proteins with three binding sites for Plg K4 in each trimer a simple kinetic analysis in the analysis of the SPR data cannot be applied. As discussed previously (23) Upon substituting T149 with a Y residue only a minor increase in affinity for rPlg K4 was found by SPR-analysis, whereas the affinity towards Plg increased significantly. 
SPR analysis of the new Plg affinity
To examine whether the higher response in binding the TN derivative rTN T149Y to Plg was due to binding to additional sites in Plg, we immobilized Plg kringle 1-3 and miniPlg on a sensor-chip. As can be seen from figure 4, rTN T149Y bound to Plg kringle 1-3 whereas rTN did not. None of the proteins bound to mini-Plg.
<Insert figure 4>
We then constructed four expression plasmids encoding each of the Plg kringles 1, 2, and 3 and the two-domain kringle 2+3, respectively. C169 and C299, which in Plg forms an inter-domain disulphide bridge between kringle 2 and 3, were substituted by S in the rPlg K2 and rPlg K3 constructs, respectively, in order to prevent refolding problems and aggregation, an approach that has also been applied earlier (37) . The four kringle derivatives were then expressed, refolded, and immobilized on sensor-chips and binding analysis of rTN and rTN T149Y were performed. rTN T149Y bound to rPlg K2 C169S and H6Ubi-Plg K2-3 whereas rTN did not. None of the proteins bound to H6Ubi-Plg K3 C299S. Both rTN and rTN T149Y exhibited very low affinities towards rPlg K1. Binding of the other rTN derivatives towards rPlg K2 C169S was also tested, and rTN T149F was found to exhibit a low response towards rPlg K2 C169S (R pl rTN T149F 65 ± 4 and rTN T149Y 571 ± 15), whereas rTN, rTN T149M, and rTN T149R did not bind rPlg K2 C169S (R pl -15 ± 17, R pl -26 ±11, and -18 ±14, respectively). 
ITC analysis of the interaction of rTN T149Y with rPlg K2 and K4
<Insert figure 7 and table 2>
The binding of rTN T149Y to rPlg K4 and rPlg K2 C169S were analysed further using ITC binding analysis. The binding parameters determined are shown in table 2 and figure   7 shows representative thermograms and binding isotherms obtained from the titrations.
All interactions were found to be strongly enthalpy driven. Substituting TN T149 with Y was found to make the enthalpy of the interaction with rPlg K4 less favourable, but also to increase the entropy of the interaction, yielding a factor 12.5 in net increase in apparent affinity. The stoichiometries of the interaction of rTN T149Y with rPlg K2 C169S and rPlg K4 both corresponded to the presence of three kringle binding sites in each rTN T149Y trimer. The dissociation constant for the binding of rTN T149Y to rPlg K2 C169S determined using ITC, was found to be smaller than for the binding of rTN to rPlg K4. Remarkably, rTN T149Y binds with a higher affinity to rPlg K4 than does rTN. As determined by ITC, the dissociation constant in solution is 12.5 times smaller. SPRanalysis also showed a change in binding affinity although exact differences were not interpretable due to the trimeric nature of TN. This implies that the SPR analysis of this system should only be applied for comparative analysis. R max values determined for binding of rTN and rTN T149Y to rPlg K4 are practically identical, indicating that rTN T149Y, like rTN, only binds to one site in rPlg K4. rTN T149Y was found to bind two sites in Plg, and, by studying a collection of Plg fragments, we showed that the additional site is located in kringle 2. We determined the dissociation constant of this interaction using ITC analysis and found that binding of rTN T149Y to rPlg K2 C169S is stronger is conserved relative to K4. The hydrophobic cleft is constituted by the aromatic amino acid residues W62, F64 and W72 (40) . We propose that the Y residue in rTN T149Y
interacts with the hydrophobic cleft. This interaction between aromatic residues could account for the increased entropy of interaction. Two amino acid residues are not conserved between the TN binding site previously described for Plg K4 (24) and Plg K2, namely the residues corresponding to R32 and D57 in Plg K4, which in Plg K2 are A and E, respectively. The mutation R32A in rPlg K4 disrupts TN binding (24) , indicating that the contribution to the binding strength from Y at position 149 is sufficient to overcome this substitution.
CTLDs bind to a wide range of ligands, and these interactions often involve the loop region of the CTLD, which is placed on a conserved structural scaffold (25) . In several studies it has been possible to engineer a new carbohydrate affinity into a CTLD, including a change in carbohydrate specificity (25 K148A  K148M  K148R  T149F  T149M  T149R  T149Y  E150A  E150D  E150Q  D165A  D165E  D165N   T149Y, K148R  T149Y, E150Q  T149Y, 
